Much is known about the biophysical mechanisms involved in cell crawling, but how these processes are coordinated to produce directed motion is not well understood. Here, we propose a new hypothesis whereby local cytoskeletal contraction generates fluid flow through the lamellipodium, with the pressure at the front of the cell facilitating actin polymerization which pushes the leading edge forward. The contraction, in turn, is regulated by stress in the cytoskeleton. To test this hypothesis, finite element models for a crawling cell are presented. These models are based on nonlinear poroelasticity theory, modified to include the effects of active contraction and growth, which are regulated by mechanical feedback laws. Results from the models agree reasonably well with published experimental data for cell speed, actin flow, and cytoskeletal deformation in migrating fish epidermal keratocytes. The models also suggest that oscillations can occur for certain ranges of parameter values.
Introduction
Cell motility plays an important role in many biological processes, including the response to disease and injury, morphogenesis, and the progression of cancer (see [Stossel 1994 ], for example). Much is known about the molecular and physical mechanisms involved in cell crawling, but how these mechanisms combine to produce directed motion remains incompletely understood. According to the traditional view, cell crawling involves three sequential steps [Flaherty et al. 2007 ]: (1) actin polymerization pushes a lamellipodium forward from the leading edge; (2) the lamellipodium adheres to the substrate; and (3) cytoskeletal contraction generates tension that breaks weaker adhesions at the rear of the cell and pulls the cell body forward.
Recent work has questioned the order of these events, however, suggesting that contraction precedes polymerization and begins the crawling cycle [Yam et al. 2007; Loitto et al. 2009] . The reason that contraction may be needed to initiate normal cell crawling is unknown. One possibility is that it generates hydrostatic pressure, which helps drive the protrusion at the front of the cell [Charras et al. 2005; Yam et al. 2007 ]. This idea is a key element of the present study.
The notion that fluid pressure is an important factor in cell crawling is not new. Diffusion alone may not provide a forward flow of actin monomers sufficiently fast to give observed protrusion rates [Oster and Perelson 1987; Zicha et al. 2003 ], and researchers have speculated that pressure may foster this flow, as well as drive lamellipodial extension [Zhu and Skalak 1988; Stossel 1994; Keren et al. 2009 ].
This idea has fallen out of favor for most cell types, however, as mounting evidence indicates that actin polymerization is the dominant mechanism in lamellipodial extension [Bray 2001] . On the other hand, recent studies have shown that substantial pressure gradients and fluid flow can occur in cells [Charras et al. 2005; Iwasaki and Wang 2008; Mitchison et al. 2008; Keren et al. 2009] , suggesting that fluid dynamics may play a larger role in cell motility than commonly thought.
The purpose of this paper is to investigate a new hypothesis for cell crawling that integrates the effects of actin polymerization, cytoskeletal contractility, and intracellular fluid flow. To illustrate the plausibility of our hypothesis, these mechanisms are included in 1-D and 2-D continuum models of a migrating cell. Here, the main focus is on fish epidermal keratocytes, which move relatively quickly (about 0.05-0.2 µm/s) while maintaining a nearly constant shape, in contrast to most other types of cells, which exhibit oscillatory behavior [Bray 2001; Keren et al. 2008] . For realistic parameter values, results from the models agree reasonably well with published experimental data for cell speed, actin flow, and cytoskeletal deformation. In addition, the models predict oscillations (similar to other cell types) for certain parameter values, thereby illuminating some of the inherent feedback control problems that apparently have been solved by crawling keratocytes in order to reach a steady state.
Preliminaries
General characteristics of crawling cells. The shape of an epidermal keratocyte (EK) depends on whether it is stationary or crawling, as well as on whether it is located on a 2-D surface or in a 3-D matrix. Stationary cells on a surface resemble the contents of an egg poured onto a flat surface (Figure 1b) . The hemispherical yolk in the center corresponds to the cell body, which contains the nucleus and other organelles. The egg white, spread out into a thin disk around the yolk, represents the lamellipodium, which is filled with actin and myosin.
Some cells crawl in a cyclic manner like a worm, e.g., amebas and fibroblasts. They first extend their front end, grab the substrate, and then pull their rear ends forward. In contrast, EKs move more like a centipede, which crawl without changing shape (except to turn). Unlike a centipede, however, EKs apparently are not propelled by dozens of tiny legs. How these cells can crawl steadily at speeds up to 10 µm/min or more is an intriguing and unanswered question. While crawling on a surface at steady state, the EK lamellipodium becomes shaped like a fan or wing (approximately 40 µm wide, 10 µm long, and 0.2 µm thick; see Figure 1c ). Experiments have shown that lamellipodia isolated from the cell body can crawl on their own with a similar speed and shape as intact cells (see Figure 6a ) [Verkhovsky et al. 1999] . Hence, this structure is the engine that drives the cell, with the cell body pulled along behind it. The cell body, therefore, can be neglected in models for crawling EKs.
For technical reasons, most experimental studies and models of cell crawling have been two-dimensional. Crawling in three dimensions is quite different, however. For example, cells moving through a 3-D matrix have fewer stress fibers and adhesions, and they must create space in which to move [Friedl and Bröcker 2000] . Moreover, whereas cells on surfaces spread out into a relatively flat configuration, they become spindle shaped as they crawl though tissue. Thus, a 1-D model may be a good approximation for a cell crawling through 3-D tissue.
The cytoskeleton of crawling cells. Cytoskeletal (CSK) dynamics are key to the migration process. Within a relatively narrow region (about 1-2 µm wide) near the leading edge, the lamellipodium is filled with a relatively dense meshwork of branched actin filaments (F-actin). Actin at the front of this region polymerizes to push the cell membrane forward, while actin at the rear depolymerizes into monomers (Gactin), which then move forward to provide a pool for further polymerization. This sets up a treadmilling mechanism [Bray 2001] .
Behind this network, F-actin is organized into bundles, and interaction with myosin generates contraction in the crawling direction. Researchers have speculated that this contraction enhances the rate of actin depolymerization and may drive fluid, along with G-actin, toward the leading edge [Svitkina et al. 1997; Zicha et al. 2003; Yam et al. 2007; Keren et al. 2009; . It is notable that actin density decreases and myosin density increases from front to back, and a relatively thick stress fiber forms along the back edge of the lamellipodium.
Proposed crawling mechanism. Combining previous ideas, we herein propose a relatively simple crawling mechanism that integrates the effects of actin polymerization and cytoskeletal contraction. First, CSK contraction elevates the fluid pressure at the rear of the cell, driving fluid (and actin monomers) forward. Next, pressure at the front of the cell pushes the cell membrane forward, creating extra space for monomers and thereby increasing the rate of actin polymerization at the leading edge. Finally, in conjunction with cell-substrate adhesion, the tension generated in the contracting CSK pulls the cell forward.
To achieve steady-state motion, these processes must be continuous and balanced. Hence, coupling between these processes is crucial to the global dynamic behavior of the cell. We suggest that this coupling is regulated by mechanical feedback that depends on the interaction between fluid pressure, CSK stress, and adhesive forces.
Governing equations
To model fluid-solid interaction, we take the cytoplasm as a porous elastic material (the CSK) saturated with a viscous fluid, i.e., a poroelastic material. Laying the foundation for the model, this section summarizes the governing equations of nonlinear poroelasticity theory. Then, modifications are discussed for including growth, which is used to simulate actin polymerization and CSK contraction. The presentation is relatively brief; further details on poroelasticity can be found in [Biot 1972; Kenyon 1976; Yang et al. 1994] , while detailed discussions of the growth theory are given, for example, in [Rodriguez et al. 1994; Taber 2001] .
Nonlinear poroelasticity theory. In poroelasticity theory, as in the more general mixture theory [Bowen 1976 ], all points in the bulk material are assumed to be occupied simultaneously by both solid and fluid particles. Here, both the fluid and solid phases are assumed to be incompressible. The total Cauchy stress tensor is given by
where the respective partial stresses of the solid and fluid (per unit area of the bulk material in the current configuration) are
In these relations, φ s and φ f are volume fractions,σ s is the true solid stress, p is the fluid (pore) pressure, and I is the identity tensor. If there is no mass exchange with the surroundings, φ s + φ f = 1.
Computations are based on a Lagrangian formulation, with all quantities defined relative to the initial (reference) configuration for a cell at rest (taken as stress free). As described below, growth is simulated by introducing an intermediate zero-stress configuration, but we disregard this for the moment. With position vectors to a material point of the solid in the initial and current configurations given by X and x = x(X, t), respectively, the total deformation gradient tensor for the solid skeleton is
where ∇ ≡ ∂/∂ X and superscript T denotes the transpose. The corresponding Lagrange strain tensor is E = 1 2 (F T · F − I). The total first Piola-Kirchhoff stress tensor P, defined relative to the bulk area in the initial state, is given by [Taber 2004 ]
where J = det F is the dilatation ratio. The equilibrium and constitutive equations can be written in the forms
where f 0 and W are the respective body force vector and strain-energy density function per unit bulk reference volume. Fluid flow is governed by a generalized Darcy's law of the form [Yang et al. 1994 ] (3) (4) (5) whereU is the volume flow rate of fluid relative to the solid, per unit bulk material area in the reference state, and dot denotes time differentiation. In terms ofU, the relative fluid velocity is
is the effective permeability tensor, with k being the intrinsic permeability tensor and µ f the fluid viscosity. Finally, for incompressible fluid and solid constituents, equating the net volume flow rate of fluid entering a material element to the rate of change of element volume gives the incompressibility (continuity) condition
This equation can be integrated to yield
Given appropriate boundary and initial conditions, equations (3-1), (3-3), (3-4), (3-5) and (3-6) can be solved for x, F, P, U, and p. Note that if K = 0, then U = 0 and these equations reduce to the governing equations for an incompressible solid, with p becoming a Lagrange multiplier [Taber 2004 ].
Growth. Polymerization and contraction are simulated using a theory for volumetric growth of an elastic solid [Rodriguez et al. 1994; Taber 2001] . Positive growth along an actin fiber simulates polymerization, while negative growth simulates contraction.
In this theory, the growth tensor G transforms the zero-stress reference state for each material element into an intermediate (virtual) zero-stress state of different size and shape. Geometric compatibility between growing elements is ensured by the elastic deformation gradient tensor F * , and the total deformation gradient tensor is written is the form
With this formulation, growth occurs relative to the reference configuration. In addition, stress depends only on F * , and the Cauchy stress tensor is given by [Taber 2001 ] (3) (4) (5) (6) (7) (8) from which (3-2) provides P. In the resulting expression, which replaces (3-4), J * = det F * , W = W (E * ), and E * = 1 2 (F * T · F * − I). In our models, the growth tensor is determined by mechanical feedback laws. These laws have the general rate formĠ =Ġ(X, t; F;σ s , p), which is specialized below.
Proposed models for cell crawling
In this paper, we present 1-D and 2-D poroelastic models for a cell crawling on a flat surface S. To define the geometry, let X i represent a Cartesian coordinate system fixed to S, with X 1 directed along the crawling direction and X 3 normal to S.
Geometry and material properties. The 1-D model represents a narrow strip along the centerline of the lamellipodium in the X 1 -X 3 plane. In the initial resting state, the cell is taken as a rectangular bar (or plate) of length 10 µm and height 1 µm ( Figure 1a ). This model also can be considered a first approximation for a spindle-shaped cell crawling through a 3-D matrix. (The cell height, which is irrelevant in the present study, is taken unrealistically large to improve numerical convergence in the 1-D model.)
The 2-D model represents an EK lamellipodium in the X 1 -X 2 plane. The stationary lamellipodium is taken as a circular annulus of outer radius 10 µm surrounding a cell body of radius 3 µm (Figure 1b) . For a crawling cell, the lamellipodium initially has the shape of a section of a circle with rounded corners and approximately the same planform area as the lamellipodium in the stationary model ( Figure 1c) ; the cell body is not included. For convenience, the center of the circle defining the leading edge at t = 0 is placed at the origin of the X i system.
Actually, both models are analyzed as two-dimensional objects, just in different planes, with the 1-D and 2-D models assumed to be under conditions of plane strain and plane stress, respectively. The cell membrane is not included explicitly, but the boundaries are assumed to be impermeable to flow. Hence, the total cell volume remains constant, although fluid can flow from one region to another.
The strain-energy density function for the solid skeleton must have a compressible form. For a first approximation, we assume that the CSK is transversely isotropic and take
where the term in brackets corresponds to a Blatz-Ko material [1962] and the last term provides a stiffening in the X 3 -direction that prevents the lamellipodium from thickening unrealistically during crawling. We speculate that relatively short and stiff crosslinks between actin filaments, as well as connections between actin and the cell membrane, provide this additional transverse stiffness. The parameters C and ν represent the small-strain modulus and Poisson's ratio, respectively, of the drained solid skeleton, C 3 is the transverse modulus, and I * = tr (I + 2E * ) is a strain invariant.
Actin polymerization. Polymerization of actin filaments is simulated by growth of the solid skeleton in a narrow zone near the leading edge of the model, along the local fiber coordinate (X f ) normal to the edge in the reference configuration. In the 1-D model, X f is the longitudinal coordinate X 1 , whereas in the 2-D models, it is the radial direction R (Figure 1b ,c). Since growth in our models is one-dimensional, the growth tensor G has only one non-zero component, denoted here simply by G. With the initial value of G set to unity everywhere, G > 1 gives polymerization and G < 1 gives contraction (see below).
It is important to note that simulating actin polymerization by volumetric growth of filaments is a relatively crude approximation for the actual process. At the molecular level, the addition of monomers to the end of a filament actually is a type of surface growth. To more accurately model polymerization in a continuum formulation, a multiscale analysis is needed. This would be a natural extension of the present model.
Feedback control of polymerization in the models is based on the work of Peskin et al. [1993] , who postulate that, at the leading edge of a crawling cell, actin filaments push the cell membrane forward via a Brownian ratchet mechanism. According to this idea, thermal fluctuations in the membrane create a small gap between the membrane and actin filaments, allowing actin monomers to enter and add to the length of the filaments. Here, we propose that positive fluid pressure at the leading edge facilitates this process by pushing the cell membrane forward, enlarging the gap and increasing the rate of polymerization. This mechanism is implemented through the feedback laẅ
where G p represents the growth due to polymerization, p L is the fluid pressure at the leading edge, and A p is a positive rate constant. With this law taken as second order in time, the polymerization rate (Ġ p ) becomes constant when pressure reaches a steady state (ṗ L = 0). In the equation above, the function g p provides the spatial distribution of growth in the current configuration. With x L denoting the current location of the leading edge, we take
in which H s is a smoothed Heaviside step function defined in the region x f ≥ x L − x p . In this expression, x f is the local fiber coordinate (the growth direction), x p defines the (specified) width of the growth zone, and x j p is the length of the smoothed "jump" from zero to one. This form for g p keeps the width of the active polymerization zone fixed in the crawling direction, rather than growing longer with G. In addition, the term with the specified constant β allows for a gradient in polymerization force along the leading edge of the 2-D crawling model (g c = 0 for |X 2 | > 1/ √ β and β = 0 for the 1-D and 2-D stationary models). Some investigators have speculated that the observed regional variation in actin density, being highest near the center and lowest near the sides of the cell, plays an important role in maintaining cell shape [Keren et al. 2008; Rubinstein et al. 2009 ].
Cytoskeletal contraction. Actomyosin contraction occurs in a wider zone toward the back of the cell [Yam et al. 2007 ]. To achieve steady-state conditions, we speculate that the contraction is continuous in time, i.e., the contracting region never relaxes. For this to occur, contraction is assumed to be accompanied by CSK remodeling, similar to the contractile mechanism of smooth muscle [An and Fredberg 2007; Bossé et al. 2008] . As a smooth muscle cell contracts, its CSK remodels to reset the zero-stress configuration so that shortening can continue to very large magnitudes. This process is included in the present models by progressively enlarging the contractile region so it maintains a constant width as it contracts. In the 1-D and stationary 2-D models, contraction is assumed to occur in the same direction as actin polymerization, i.e., normal to the leading edge. In the 2-D crawling model, contraction occurs in the direction of motion.
To obtain steady-state motion, feedback is included in the contractile machinery. A growing amount of evidence suggests that cells and tissues respond to mechanical perturbations in ways that tend to restore a homeostatic state of stress [Humphrey 2008] . Correspondingly, we assume that a homeostatic (target) stressσ 0 exists for contractile fibers and propose a contraction feedback law of the form
where G c is the (negative) growth due to contraction,σ s is the true solid stress in the fiber direction, and A c is a rate constant. With this law, the contractile rate (Ġ c ) becomes constant whenσ s =σ 0 . The spatial distribution for contraction is taken in a form similar to that given above for g p , i.e.,
where x 0 is the current location of the trailing edge of the lamellipodium, and the lengths x c and x jc provide an active contractile zone of constant geometry in the current configuration. In the axisymmetric model for a stationary cell, we take β = 0, as well as g c = 0 in the cell body (Figure 1b) . Once G p and G c are computed, the total growth is given by G = G p G c .
Adhesion dynamics. Adhesion between the CSK and the substrate is modeled by a frictional body force [Alt and Dembo 1999; Gracheva and Othmer 2004; Kruse et al. 2006; Kuusela and Alt 2009 ]. The proportionality between velocity and force represents the cumulative effects of a number of adhesions. The force on each adhesion depends on the displacement of the cytoskeleton relative to the undeformed substrate, over the time since the adhesion was formed. If adhesion lifetime is approximately constant, net adhesion force will increase roughly in proportion to velocity, and the coefficient in this relationship will increase with density of adhesions, adhesion stiffness, and substrate stiffness. Other dissipative forces, such as those caused by viscous resistance between the CSK and cell membrane, as well as between the cell membrane and the surrounding environment, are included through an additional friction force. The total friction force is given by (4) (5) (6) where η and η c are friction coefficients for the adhesions and cell membrane interaction, respectively. In addition, v s is the local velocity vector for the solid skeleton (CSK), and v c is the forward velocity of the cell as a whole, taken as the velocity at the center of the leading edge.
Computational methods
To express the governing equations in dimensionless form, the following nondimensional variables are defined:
The characteristic length L is taken as the initial cell length (10 µm), and the characteristic time is defined as T = L/v c = 50 s for a cell velocity v c = 0.2 µm/s. Thus, it typically takes an EK about 50 s to move a distance equal to its own length. In terms of these quantities, the governing equations (3-1), (3-3), (3-5), (3-6), (3-8), (4-2), (4-4), and (4-6) maintain their dimensional forms if we let dot denote d/dt and remove all bars. Unless stated otherwise, all results are given in terms of nondimensional variables with the bars implied.
Finite element modeling. Finite element models were developed using the commercial software Comsol Multiphysics (v. 3.5; Comsol AB, Burlington, MA). The Structural Mechanics Module provided the basis for the nonlinear elastic part of the model. The governing equations were modified to implement volumetric growth as described in [Taber 2008] , with Darcy's law and the feedback laws included as auxiliary differential equations. In addition, the following changes were made to enforce incompressibility:
• The extra term − p δ was added to the strain-energy density function, where δ is the expression on the left side of (3-6) and p is a Lagrange multiplier with the physical meaning of fluid pressure.
• The expression ( p/M + δ) p t was included as a weak constraint condition, where p t is a test function and M is a (large) penalty parameter (set to 10 5 ).
Triangular second-order and first-order elements were used for displacement (solid elasticity) and pressure (fluid flow), respectively. The mesh was refined until the model yielded sufficient solution accuracy. The function flc2hs provided the smoothed Heaviside function used in the feedback laws.
Finally, we note that the model is unstable when it is required to meet the target stress at all points in the CSK. To improve stability, we used the average value of the true solid stress over the rear 4 µm (1-D and 2-D crawling models) or 3 µm (2-D stationary model) along the cell centerline forσ s in (4-4). Testing showed that the length of the averaging region has a relatively small impact on the results. Similarly, the value of p L in (4-2) was taken at the middle of the leading edge.
Simulation procedure. Initially, the model is at rest with no stresses and G = I. All boundaries are stress free and impermeable to flow ( P · N =U · N = 0, where N is the local normal to the boundary in the reference configuration). There are no specified loads or displacements. At the outset of the simulation, the feedback law (4-4) initiates a contraction at the rear of the cell, generating fluid pressure, and the other feedback law (4-2) causes growth near the front that pushes the leading edge forward. Except for time plots and results from the 2-D crawling model, all results are plotted after the cell reaches steady-state conditions.
Parameter values. The geometries of the polymerization and contraction zones were estimated from published distributions of F-actin, myosin II, and contractile strains in crawling EKs [Svitkina et al. 1997; Adachi et al. 2009] . The values used in the models are Otherwise, with K = K I (isotropic permeability), the models contain ten physical parameters: C, C 3 , ν, K , φ s (φ f = 1 − φ s ), η, η c , A p , A c , andσ 0 . Unfortunately the range of reported parameter values is quite large in some cases. For example, estimates for the hydraulic permeability (K ) range over at least five orders of magnitude, from about 10 −10 to 10 −15 m 4 /N s [Guilak et al. 2006] . Hence, after first obtaining first-approximation parameter values from published data as described below, we iteratively correlated model and experimental results to refine these values in order to define a baseline model (Table 1) . We also used this method to guide our choices for the functions g p and g c in (4-2) and (4-4).
In defining the mechanical properties of the cytoskeleton, we note that recent studies have shown that the CSK is capable of very rapid remodeling [An and Fredberg 2007; Bossé et al. 2008] . Hence, we assume that CSK remodeling keeps up with the dynamics of the crawling cell and take the porosity and permeability as constant. The representative values φ s = φ f = 0.5 are used for the volume fractions, and the value taken for K is near the low end of the range given above (Table 1) . The values chosen for C and ν are typical for a compressible cell [Guilak et al. 2006 ], while C 3 is taken large enough to prevent significant changes in lamellipodium thickness. Target stress 0.5 kPa 0.5 Table 1 . Parameter values for baseline model.
The value used for the friction coefficient (η) was measured by [Fournier et al. 2010] . The membrane friction coefficient (η c ) is assumed to be similar to η, but smaller to keep the cell moving forward.
The rate constants (A p and A c ) and the target stress (σ 0 ) were estimated as follows. The value ofσ 0 is based on measurements of actomyosin contractile stress (∼ 0.4 kPa) in EKs [Galbraith and Sheetz 1999] . The constant A c in (4-4) characterizes the rate of contraction under zero load conditions. With the unloaded speed of myosin relative to actin being approximately v m = 6 µm/s [Howard 2001], the fractional contraction rate is roughly A c = v m / x c ∼ = 1.5 s −1 , but we ended up using a somewhat smaller value (Table 1) .
Finally, to estimate the actin polymerization rate constant A p , we use two pieces of information: (1) the unloaded polymerization velocity for actin is approximately v 0 = 0.8 µm/s [Peskin et al. 1993] ; and (2) the stall stress for actin polymerization is about σ s = 2 kPa in EKs [Prass et al. 2006] . Then, taking the force-velocity relation as linear (a very rough approximation) yields
Again, all of these values were modified somewhat to obtain more accurate model behavior, and, unless stated otherwise, the results for both the 1-D and 2-D models are based on the parameters given in Table 1 . Because of incomplete and inconsistent data, it was important to conduct a parametric sensitivity analysis (see Results section).
Results
One-dimensional model. Steady-state distributions along the cell are shown for actin velocity (v s =ẋ 1 ), CSK stretch rate (Ḟ 11 ), actin stress (σ s ), fluid pressure ( p), and relative fluid velocity (v f ) (Figure 2 ). For clarity, except in the plots of the deformed cell (Figure 2a) , all quantities are plotted as functions of the undeformed coordinate X 1 . To illustrate the effects of fluid flow, curves are shown for various values of the effective hydraulic permeability K .
Actin velocity is forward at the front and back of the cell, but backward elsewhere (Figure 2b ). The retrograde flow of actin is caused by growing actin filaments at the front pushing backwards as they meet frictional resistance to forward motion (due to adhesions). The magnitude of the actin velocity increases with K in each region. Actin polymerization causes a positive stretch rate near the leading edge, while CSK contraction generates increasingly negative stretch rates toward the rear (Figure 2c ). The stretch-rate magnitudes increase with K . In addition, the actin (solid) stress distribution peaks near the rear of the cell and drops off toward the front (Figure 2d) . (Figure 2e ). It is greatest at the trailing edge and decreases to a minimum at the leading edge. The negative pressure gradient, which is produced by the combined effects of contraction at the rear and growth at the front, drives the fluid forward. The fluid velocity relative to the solid skeleton peaks near the leading edge and meets the boundary conditions of zero relative flow at the front and back (Figure 2f ). Although the pressure gradient decreases with increasing values of K (Figure 2e) , the fluid velocity increases because the higher permeability offers less resistance to flow.
Cell speed (actin speed at the leading/trailing edge) depends in a biphasic manner on adhesiveness, as represented by the friction coefficient η (Figure 3a) . It is small at low and high values of η and reaches a peak between η = 0.1 and 1. In contrast, the retrograde actin velocity is nearly constant for η < 0.01 but drops off for larger values of η (Figure 3b ). For the baseline value η = 0.4, cell speed increases with K and approaches a constant value for K > 10 (Figure 3c) . However, the speed increases in proportion to the target stressσ 0 over the range of values studied (Figure 3d) .
Finally, results are presented to illustrate the temporal behavior of the model. At the beginning of the simulation, the start-up conditions produce oscillations which eventually damp out in most cases, leaving (Figure 4a,b) . At steady state, the fluid pressure becomes constant andσ s →σ 0 (Figure 4e,f) .
For certain parameter values, however, the oscillations persist and may continue indefinitely. We found that this behavior is especially sensitive to the values of K and η, as persistent oscillations appear for low values of K and high values of η (Figure 4a,b) . Even when cell speed oscillates, however, the net motion is forward in all cases (Figure 4c,d ). Two-dimensional model. Unfortunately, the present 2-D models do not reach steady state. (A parameter study failed to find a suitable combination of parameter values.) Hence, we present only illustrative results at times when nearly steady-state conditions occur.
Although the fluid pressure in the stationary model is relatively small, the pressure gradient is significant enough to drive fluid radially outward from the cell body everywhere except near the leading edge and within the cell body (Figure 5a ). At the same time, the actin CSK flows inward throughout the lamellipodium except for a small outward motion due to polymerization near the outer edge (Figure 5b ).
The crawling model acquires the characteristic fan-like shape of an EK (Figure 6 ). Near the symmetry axis of the cell, the results are similar to those from the 1-D model. In particular, a pressure gradient drives fluid toward the leading edge (Figure 6b ), while actin flows backward in the middle of the cell and forward near the front and back edges (Figure 6c ). Near the tips of the "wing," however, relatively little fluid flow occurs, but the actin moves radially inward at considerable speed. The continued lateral deformation is one reason for the failure to achieve steady state. Also shown is a map of the frictional body force exerted by adhesions on the cell (Figure 6d ). Peaks in force occur near the front and back edges, with strong concentrations at the wing tips.
Discussion
Theoretical modeling has played a central role in studies of cell migration. Models promote understanding of the physical processes underlying observed behavior. They also can be used to test whether a given hypothetical mechanism is consistent with physical law.
Previous models for cell crawling. Here, we provide a brief summary of some of the models most pertinent to the present work, focusing primarily on 1-D and 2-D models with a significant mechanical component. More comprehensive recent reviews of this topic include those of [Flaherty et al. 2007; Carlsson and Sept 2008] . DiMilla et al. [1991] proposed one of the first models for cell crawling that includes adhesion dynamics. The CSK is modeled as a 1-D viscoelastic system of springs and dashpots, with contractile elements providing the driving force, which mediates binding affinities. Notably, this model predicts the experimentally observed biphasic behavior of cell speed with increasing substrate adhesiveness. In particular, cell speed is low for either very high or very low adhesiveness, and it peaks at some intermediate value [Palecek et al. 1997] . A common interpretation for this behavior is that cells cannot gain enough traction to move quickly on very slippery surfaces, while they have difficulty letting go of very sticky surfaces [DiMilla et al. 1991 ]. The present model captures this fundamental behavior (Figure 3a) . In [Alt and Dembo 1999; Kuusela and Alt 2009 ] the cytoplasm is treated as a biphasic fluid-like mixture. One phase contains actin and myosin filaments, and the other phase is a solvent containing actin monomers. The phases exchange monomers through chemical reactions, and the forces of actin polymerization and CSK contraction are simulated by positive and negative pressures, respectively. Other investigators also have considered the cytoplasm as a fluid-like mixture (e.g., [Kruse et al. 2006; Rubinstein et al. 2009] .
Modeling the CSK as a fluid is based on the argument that the time scales for CSK remodeling and function are similar [Alt and Dembo 1999] . At low Reynolds numbers like those in a cell, however, fluid stress is dominated by pressure, which is intrinsically isotropic, whereas solid-like behavior is needed to produce directed (anisotropic) stress like that generated by actin polymerization and CSK contraction. Our model includes rapid remodeling of contractile fibers, but they are considered as elastic solids.
Hydrostatic pressure provides the driving force in some published models for pseudopod extension and blebbing [Young and Mitran 2010; Oster and Perelson 1987] . In our model, pressure plays a central but more indirect role, as it modulates the rate of actin polymerization at the leading edge, but actin filaments do the actual "pushing." The pseudopod extension model of [Zhu and Skalak 1988] is similar in some respects to our model. In their model, actin polymerization pushes the cell membrane forward, creating a pressure drop that draws fluid and actin monomers toward the leading edge. As in the present model, fluid flow is governed by Darcy's law. Stolarska et al. [2009] presented a 3-D finite element model for an EK crawling on a surface. The cell is treated as a viscoelastic solid, and focal adhesions are included at the boundary with the substrate. As in our model, actin polymerization and CSK contraction are simulated using volumetric growth. However, growth is specified in their model, rather than being governed by feedback.
The 1-D model of [Larripa and Mogilner 2006] treats the cell as a viscoelastic actin-myosin gel. Contractile stress is assumed to be proportional to the concentration of myosin bound to actin, as computed from chemical kinetics. This model achieves steady-state motion like an EK.
Perhaps the most biochemically comprehensive model for a crawling cell is the 2-D model of [Rubinstein et al. 2005] for an EK lamellipodium. This model includes turnover of actin and actomyosin fibers, forces generated by actin polymerization and actomyosin contraction, and actin transport. External loads and displacements are applied at the boundaries in an ad hoc manner, whereas all loads in our models arise automatically from mechanical feedback.
Comparison of numerical and experimental results. A theoretical model is only as good as the experimental data used to support and test it. Over the years, numerous experimental studies of cell crawling have been published. Many of these studies have been qualitative, but recent reports have emphasized quantitative measurements. We used some of these data to estimate parameter values for our models, but, as noted above, the available data are not always consistent. In addition to natural biological variability, the use of different cell and substrate types contribute to this inconsistency. Nevertheless, it is important to compare numerical and experimental results when possible.
In general, results given by previous models for cell crawling have been compared with only limited portions of the available experimental data. Here, we evaluate our models using the following data for EKs under steady-state conditions:
(1) The speed and shape of a crawling EK are relatively constant. At steady state, our 1-D model is consistent with this observation. The steady-state cell speed in the 1-D baseline model is approximately 0.1 µm/s, which is within the range of reported values (about 0.05-0.2 µm/s; see, e.g., Wilson et al. 2010] . The speed is similar in the 2-D model, but this model does not achieve steady state.
(2) As discussed above, cell speed depends on adhesion strength in a biphasic manner. (Actually, this behavior has been found in at least two cell types [Palecek et al. 1997; Peyton and Putnam 2005] ; to our knowledge this effect has not been explored in EKs.) Our 1-D model captures this behavior, including the shapes of the cell velocity vs adhesiveness (η) curves and the result that cell velocity increases by approximately an order of magnitude for a similar increase in adhesiveness (Figure 3a) .
(3) In crawling cells, the actin CSK moves forward relative to the substrate at the front and back of the lamellipodium and backwards in between [Schaub et al. 2007; Yam et al. 2007; Fournier et al. 2010] . In stationary (circular) EKs, on the other hand, actin flows radially inward toward the cell body throughout the lamellipodium [Yam et al. 2007 ]. Both the 1-D and 2-D models are consistent with these results (Figures 2a,b and 5b ). In the 1-D baseline model, the retrograde actin speed is about 0.07 µm/s, which is similar to measured values for EKs [Schaub et al. 2007; Adachi et al. 2009 ].
(4) In the direction of motion, strain rate along the midline of the lamellipodium is positive near the leading edge and negative toward the rear . Results from our models are consistent with this pattern (Figure 2c ). In addition, the magnitude of the peak negative strain rate in the 1-D baseline model is about −0.04 s −1 , which is nearly the same as that measured in EKs by Adachi et al. (Figures 2f and 6b) . However, the fluid and solid velocities in our models are similar, whereas Keren at al. found that relative fluid velocity is about 40% that of the cell.
(6) The largest traction stresses between a crawling EK and the substrate occur along the leading and trailing edges of the cell, as well as near the tips of the "wings" [Jurado et al. 2005; Fournier et al. 2010] . Our 2-D model is consistent with these data, including the result that the maximum traction occurs at the wing tips (Figure 6d ), but the measured traction direction at the tips is opposite to that predicted by the model.
(7) According to our 1-D model, cell velocity increases with the value of the target stress (σ 0 ) in the contractile fibers (Figure 3d ). This prediction is consistent with the experiments of , who found that EKs move faster when exposed to the contraction enhancer calyculin and slower when exposed to the contraction inhibitor blebbistatin.
In addition to these key results, recently have found that crawling EKs exhibit oscillations under certain conditions. They speculate that these oscillations are caused by dynamic interactions between cell elasticity and cell-substrate adhesions. Moreover, most other types of cells, e.g., fibroblasts, crawl in a cyclic manner. Interestingly, our 1-D model oscillates for relatively small values of the hydraulic permeability or large values of the friction coefficient (Figure 4a,b) . These results suggest that the oscillations are caused by delays in the feedback loops in our models, i.e., phase differences that often characterize poroelastic and frictional systems. This type of behavior is commonly encountered in feedback control systems.
Limitations. This study focuses solely on mechanical aspects of cell crawling. Biochemistry and detailed molecular mechanisms, e.g., adhesion dynamics, receptor-ligand binding, and stress fiber assembly, are not considered, although they clearly play major roles in this problem [DiMilla et al. 1991; Boulbitch et al. 2001; Schaub et al. 2007; Yam et al. 2007; Vicente-Manzanares et al. 2009 ]. We also do not consider some of the more detailed mechanical events, such as lamellipodial ruffling [Zhang 2009 ], the effects of substrate stiffness on cell speed and direction [Pelham and Wang 1997; Lo et al. 2000; Ghosh et al. 2007] , and how crawling cells probe their environment [Mattila and Lappalainen 2008; Petrie et al. 2009 ]. These effects are beyond the scope of the present study.
Concluding remarks. Our models reproduce quite well a relatively wide range of experimental data obtained for crawling EKs. There are some discrepancies, however. A crucial unresolved issue is how the cell achieves steady state motion in two dimensions. A number of investigators have pondered this problem, with some suggesting that a gradient in actin polymerization along the leading edge is a necessary ingredient [Lee et al. 1993; Grimm et al. 2003; Rubinstein et al. 2009 ]. Although our 2-D crawling model includes such a gradient, it clearly is still missing something essential. One possibility is that the stress fiber along the trailing edge and the strong adhesions at the ends of the fiber are important factors. This problem remains fertile ground for future work.
A personal note
This paper is dedicated to Marie-Louise and Charles Steele. The first author (Taber) has had the privilege of knowing them since his days as a graduate student. MarieLu treated JoMMS as her "baby" and was instrumental in helping Charles establish and maintain its high standards. She was loved by all and is greatly missed. Taber learned the art of mathematical modeling from Professor Steele, who was his doctoral research advisor. Although the models presented in this paper cannot rival the extraordinarily creative and mathematically rigorous models of Professor Steele, we have striven to make them consistent with his teachings. That is, our models are based on fundamental physical principles, include (we hope) the most essential elements, and have been tested in multiple ways using experimental data. We wish him a pleasant retirement.
